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I. INTRODUCTION 

The strong interactions between mesons and baryons, 
in particular for pion-nucleon, kaon-nuclcon and 
antikaon-nuclcon, have been the subject of investigation 
for some decades, experimentally as well as theoretically. 

A large number of scattering experiment have been 
performed to investigate the pion-nucleon interaction. 
The empirical phase shifts are obtained from a partial 
wave (PW) analysis of the scattering observables, which 
analysis judges the consistency with general principles 
of the scattering data, and which provides a compact 
representation of these data. Although at first sight in 
principle an infinite number of phase shifts need to be 
determined from the data, the strong interactions are 
short-ranged and only the lower partial wave phase shifts 
will suffice. In constructing theoretical models for these 
interactions, it is usually much more economic to use the 
results of a PW-analysis than the scattering observables 
themselves. Different pion-nucleon PW-analyses 
give quite accurate and consistent results. The most re- 
cent pion-nucleon PW-analysis has been performed by 
Arndt et al. [|, to which we refer for more information 
on the current pion-nucleon scattering data base. 

However, the situation for the kaon-nucleon interac- 
tion is different from the pion-nucleon interaction. The 
kaon-nucleon scattering observables are known to less ac- 
curacy, especially at low energies, due to the relatively 
low flux of the kaon beams. Consequently, the different 
kaon-nucleon phase shift analyses do not give quite accu- 
rate and may be not totally consistent results. The most 
recent kaon-nucleon PW-analysis has been performed by 
Hyslop et al. 0, where much information on the kaon- 
nuclcon scattering data base can be found. 

This lack of empirical knowledge makes it impossible to 
construct realistic theoretical kaon-nucleon models, using 
as input only information from iV TV-data. 

Recently there has been an increase of interest in the 
kaon-nucleon and antikaon-nucleon interaction. An ex- 
otic resonance, the so called "penta-quark" , in the isospin 
zero kaon-nucleon system has been observed , this ex- 
periment, however, was not a simple scattering experi- 
ment and a resonance has never been seen in the present 



kaon-nuclcon scattering data. 

The construction of new K-factories at the Japan Pro- 
ton Accelerator Research Complex (J-PARC), and at 
GSI (FAIR) in Germany, will hopefully change the ex- 
perimental situation drastically. One of the major beams 
of these new accelerators will be kaon beams, having a 
much higher intensity (ca. ten times) than the presently 
available kaon beams, for example at Brookhaven Na- 
tional Laboratory and KEK. Therefore, in the near fu- 
ture many more and accurate experimental data on the 
kaon-nucleon and antikaon-nucleon interaction can there- 
fore be expected. Other new scattering data could be 
delivered by the DA$NE facility at Frascati 0. These 
activities will give much stronger constraints on kaon- 
nucleon models and a better understanding of the role of 
SUf(S) in meson-baryon interactions. Akaishi and Ya- 
mazaki have investigated the possibility of nuclear 
anti-kaon bound states in nuclei in the framework of 
the Brueckner-Hartree-Fock theory using a simple phe- 
nomenological antikaon-nuclcon model. Such a state has 
indeed been observed experimentally . 

In view of these experimental and theoretical develop- 
ments it is rather timely to construct theoretical kaon- 
nucleon models as realistically as possible, and this work 
is an attempt to do so. 

The subject of this work is the construction of a 
dynamical model for the pion-nucleon (nN) and kaon- 
nucleon (iV + TV) interactions. In two papers we describe 
the so called Nijmegen soft-core meson-baryon model 
(NSC model) and report on the results, obtained so far. 
First a soft-core meson- and baryon-exchange model for 
the wN interaction is derived, showing that the soft-core 
approach of the Nijmegen group is not only successful for 
baryon-baryon (TVTV and YN) interactions but also for 
meson-baryon interactions. The rich and accurate ttN 
scattering data base is used to determine the nonstrange 
coupling constants. Several other ttN models already ex- 
ist and the NSC ir TV-model, besides the value in its own 
right, mainly serves as a natural starting point for the 
construction of the NSC JV+TV-model. This K+ TV-model 
is an SU / (3) extension of the NSC ir TV-model, similar 
to the successful Nijmegen soft-core one-boson-exchange 
nucleon-nucleon and hyperon-nucleon models and |lfjj| . 
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Figure 1: Overview of the theoretical basis for the soft-core 
meson-baryon interactions. 



In this way many parameters in the NSC K + N -model 
are determined by the NSC 7riV-model, and the lack of 
accurate K + N-d&t& can be overcome partially. 

In concept, the approach for the strong low- and 
intermediate-energy hadron-hadron interactions 0, 0, 
Il3[ . used by the Nijmegen group, is schematically out- 
lined in Figure ^ The starting point is the Standard 
Model, in which strong interactions occur between the 
six quarks and the gluons, and integrating out the heav- 
ier quarks to arrive at an effective QCD for the light 
quarks (u,d,s) only. Generally accepted, the vacuum 
of QCD becomes unstable for momenta transfer q 2 < 

A 2 

A xSB 



lGeV 2 and the chiral symmetry is broken spon- 
taneously (xSB) . The vacuum goes through a phase tran- 
sition and generates constituent quark masses (m q « 300 
MeV) and reduces the strong coupling constant a s - The 
pseudoscalar-mesons are viewed as the Nambu- Goldstonc 
bosons originating from the xSB, which makes it natu- 
ral to assume the presence of a meson-cloud around the 
constituent quarks. 

This provides a natural basis for an approach to the 
interaction between mesons and baryons using effective 
baryon- meson Lagrangians. At low- and intermediate- 
energies we do not consider a mixed phase of hadrons 
and quarks, as is done by others using the resonating- 



group method (RGM) 0HE3, but restrict ourselves 
to the hadronic phase only. Furthermore, heavy baryons 
and mesons can be viewed as being integrated out, using 
for example the renormalization method in the manner of 
Wilson , and an effective field theory, with meson and 
baryon masses with M< 1.5 GeV, results. In this work, 
this general picture is appealed to in the construction of a 
soft-core mcson-baryon model for low- and intermediate- 
energy interactions. 

In the NSC model the one-meson-exchange and one- 
baryon-exchange potentials are obtained from field the- 
oretical Feynman diagrams in momentum space using 
effective interaction Hamiltonians, together with the 
mcson-baryon Green's function they constitute the kernel 
of the two-particle integral equation for the amplitude, 
which is a three-dimensional reduction of the fully co- 
variant (four-dimensional) Bethe-Salpeter equation [Tgj . 
Alternatively, one could view this work in the framework 
of the covariant pert urbation theory as formulated by 
Kadyshevsky [l9l l20l l2ll l22j . Here the particles, also in 
the intermediate states, remain on the mass shell, and 
pair-suppression can be implemented in a covariant way. 
Moreover, the three-dimensional integral equation ob- 
tained in the Kadyshevsky-scheme has exactly the same 
form as used in this work. 

Form factors of the Gaussian type are introduced to 
take into account the extended size of the hadrons and 
to make the integral equation of the Fredholm type. The 
Coulomb interaction, playing a role at very low energies 
only and which is important in charge symmetry break- 
ing (CSB) studies, will be neglected in this work. The 
integral equation for the amplitude is solved on the par- 
tial wave basis, in this way only one-dimensional integrals 
need to be performed to find the amplitude and the cor- 
responding scattering observablcs or phase shifts for each 
partial wave. 

We present this work in two papers. In general, this 
first paper, referred to as I, contains a description of the 
theory and the second paper, referred to as paper II [23j . 
gives the results for irN and K + N . 

The contents of this first paper are as follows. The 
definition of the field theoretical one-meson-exchange and 
one-baryon-exchangc potentials in the context of a three- 
dimensional integral equation, a rclativistic generaliza- 
tion of the Lippmann-Schwinger equation, is reviewed in 
Sec. [n] We introduce the usual potential forms in Pauli- 
spinor space, where we include the central (C) and the 
spin-orbit (SO) potentials, which are the only relevant 
potentials in case of spin-1 spin-i interactions. And the 
relations between the relativistic and center-of-mass am- 
plitudes are given. 

The integral equation for the amplitude is solved on 
the partial wave basis in order to find the partial wave 
phase shifts, which arc compared with the empirical 
phase shifts. Therefore we perform the basic partial wave 
projections, in particular those for the spinor invariants, 
in Sec. IIIII And the relations between the partial wave 
amplitudes, the phase shifts and the scattering obscrv- 
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ables, a, da/dVl and P. for spin-1 spin^ scattering are 
given. The partial wave basis is chosen according to the 
convention of pij . 

The effective baryon-baryon-meson and meson-meson- 
meson interaction Hamiltonians from which the one- 
meson-exchange and one-baryon-exchange Feynman dia- 
grams are derived, are given in Sec. IIVI The explicit ex- 
pressions for the momentum space Feynman diagrams for 
scalar- meson-, vector-meson-, tensor- meson- and baryon- 
exchanges for general baryon and meson masses as well 
as their partial wave projections are also listed in this 
section. 

In the appendices added, details are given on the calcu- 
lation of the partial wave matrix elements ( Appendix E) , 
the one-particle-exchange Feynman diagrams (Appendix 
[Bj, and the expansion coefficients, X, Y and Z, of the 
partial wave potentials in x = cos 9 for the different ex- 
changes (Appendix ITT) . 

For results and a discussion, we refer to paper II. 



II. THE MESON-BARYON POTENTIAL AND 
AMPLITUDE 

The field theoretical one-particle-exchange meson- 
baryon potentials in the context of a two-particle equa- 
tion are defined in this section for the case of J PC = Q-+ 
mesons and J p = ^ baryons. We approximate the Bcthc- 
Salpeter equation by assuming "dynamical pair sup- 
pression" , hence neglecting the propagation of negative- 
energy states and by integrating out the time variable, 
we end up with a three-dimensional integral equation for 
the meson-baryon amplitude in the center of mass sys- 
tem. The relations between the center of mass and the 
relativistic amplitudes are given in the last part of this 
section. 



|/). The latter refer to the two-particle states, which we 
normalize in the following way, see e.g. |25ll2a|. 

(p'i,p' 2 |Pi,P2) = (2 7 r) 3 2£;(p 1 ) ( 5 3 (p' 1 -p 1 )x 

(2w) 3 2E(p 2 )S 3 (p' 2 -p 2 ) . (2.3) 

With this normalization, the unpolarizcd differential 
cross section in the center of mass (CM) system is given 
by 



rlO I - Pi 2^ 



CM 



(f\M\i) 



(2.4) 



where ^ stands for the summation over the spin of the 
final baryon. 

Since in this work, the scattering particles are always 
on the mass-shell, i.e. pf = mf, parity conservation and 
Lorcntz invariance implies that the matrix elements of 
the M-operator for meson-baryon interactions, which is 
a 4 x 4-matrix sandwiched between Dirac spinors, can be 
written in terms of two independent amplitudes 



(f\M\i) = u B ,(p',s f ) 

x ub(p, Si) , 



A fi (s,t,u) + ^ Bfi(s,t,u) 



(2.5) 



where / and i stand for the two-particle channels 
ttN,K + N, etc.... In the Dirac spinors Sf , Si are the mag- 
netic spin variables, which will be specified later. The 
functions Afi(s,t,u) and Bfi(s,t,u) are Lorentz scalars, 
and depend on the Mandclstam invariants 



S = ( P + qf = (p+qf 
t = {q'-qf = {p-p'f 
u = (p - q'f = (p' - qf 



(2.6) 



A. Kinematics and relativistic amplitudes 

We consider the meson-baryon or more specific the ttN 
and K + N reactions 



V i ( q )+B i (p,s)^Vf(q , )+B f (p',s') 



(2.1) 



where V stands for the pseudoscalar-mesons, and B 
stands for the baryons. We will refer to V% and Vf as 
particles 1 and 3 and to Bi and Bf as particles 2 and 4. 
The four momentum of particle i is pi — (Ei,pA where 
Ei = -y/p| + Mf is the energy and Mi is the mass of par- 
ticle i. In our convention the transition amplitude matrix 
M is related to the S'-matrix via 



(f\S^ = (f\i\) - i{2*f5 A {P f - Pi){f\M\i) 



(2.2) 



in this convention a negative potential corresponds with 
attraction and a positive potential with repulsion. Here 
Pi = p + q and Pf = p' + q' represent the total four 
momentum for the initial state |i) and the final state 



which satisfy the well-known (on-mass-shell) relation s + 
t + u = y^_] mf. The total and relative four-momenta 
(P c and k c ) of the initial, final, and intermediate channel 
(c = i, f,ri) are defined by 



Pr 



Pc + q c , k c = Mc,2 Pc - /-tc,i q c 



(2.7) 



where the weights are arbitrary besides the condition 
/i Cj i + /i c .2 = 1. For each channel the four-momenta of the 
baryons and pseudoscalar-mesons {p c and q c ) in terms of 
P r and k r are 



Pc = ^c,\Pc + k c , q c = /i c , 2 P c - k c 



(2.8) 



In this work we will use /^ Cj i = /i C: 2 = h ■ In the center- 
of-mass system (CM-system) we have for on-mass-shcll 
momenta 



Pc = (E(p c ),p c ) , q c 
P c = (W c ,0) , k c 



{£ (p c ),-Pc) , 

: (H 2 E(P C ) - m£ (Pc),P C ) , 

(2.9) 
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where the total energy is W c = yfs = E(p c ) + £(p c ). 
Obviously the relative three-momentum is equal to the 
center-of-mass three-momentum of the baryon. 

In general Feynman diagrams, in particular in the 
Green's functions, the particles are off-mass-shell. In the 
following the three-momenta for the initial and the final 
states are denoted respectively by and q/ . Because of 
translation invariance Pj = Pf and so y/s = W, = Wf. 
As introduced here, the total energies in the CM-system 
are W t = E(q t ) + £( qi ), and Wf = £(q/) + £(q/). 



B. Relativistic two-particle equations 

The Bethe-Salpeter equation, a full two-particle rela- 
tivistic scattering equation, for the .M-amplitudes reads 

Mfi(q f , 9 <; P) = Mj;(q f ,qi; P) + £ f d 4 fc„ 

xMJZ(q f ,k n ; P) G(k n ,P) M ni (k n , q t ; P) ,(2.10) 

where the interaction kernel is denoted by J\4 lrr , and G is 
the two-particle Green's function. The contributions to 
the kernel Ai"' r come from the meson-baryon irreducible 
Feynman diagrams. The reducible diagrams are gener- 
ated by the integral equation. In deriving Eq. I|2.1L)[I the 
integration over the momenta of the intermediate parti- 
cles can be replaced by an integration over the total and 
relative momenta J J d 4 p n d 4 q n — » J J d^Pnd^kn. Then, 
using the conservation of the total four-momentum, one 
can perform J d A P c and separate an overall (2Tr) 4 S 4 (Pf — 
Pi) factor. The meson-baryon Green's function is given 
in terms of the one-particle Green's functions 



G(k n ,P) 



(2tt) 4 L 7 (fln.tP + k) - M n 

1 l (b) 



(a) 



(2.11) 



It is instructive to separate the positive- and the negative- 
energy components of the propagator. For that purpose, 
we rewrite the one-particle propagators as follows. For 
the spin-i baryons the off-mass-shell propagator can be 
written in terms of the Dirac spinors as 



M 



M 



M 2 



iS E(p) 



A+(p) 



A-(-p) 



>-E(p)+id p° + E(p)-id 
(2.12) 

where the projection operators A + (p) and A_(p) on the 
positive- and negative-energy states are j2?J 



A + (P) = £ 



u(p, s) (8) u(p, s) _ p' + AI 



2M 



2M 



A _(p) = _^vJPA®p?A = Zl+M. )(2 , 13 ) 



2M 



2M 



and u(p, s) and v(p, s) are the Dirac spinors for spin- 
i particles, which are on-mass-shell by definition. For 
the meson propagator similar to Eq. (|2.12|) one has the 
identity 



1 



<1 



id 



2£(q) 



1 



1 



q°-£(q)+iS q +£{q)-i5 

(2.14)" 

Then, in the CM-system, where P = and Po = W, the 
meson-baryon Green's function can be written as 



G(k n ,P) 



(2tt)< 



M 



2£(k„)£(k„) 
A+(k n ) 



»n,lW + - E(k n ) + l6 

A_(-k») 

Hn,lW + fcO + P(k„) - i6 

1 



^n,%W 



1 



Hn,2W - fc° + £ (k„) - i8\ ' (2 ' 15) 

Multiplying out Eq. (|2.15|) . writing the ensuing terms 
using an obvious short hand notation, the contribution 
of the different propagating components is displayed fully 

G(k n ,P) = G+(k n ,W) + G-(k n ,W) , (2.16) 

where the superscripts (+) and (— ) indicate the positive- 
and negative-energy baryon states. Considering similarly 
the amplitudes M t 



M 



+,+ 

ij 

+,- 
ij 

etc. 



u B '{Pf,Sf)MijU B (Pi,Si) , 

UB'{Pf,S f )MijVB(Pi,Si) , 



(2.17) 

where the subscripts i and j refer to the different two- 
particle channels, one obtains from Eqs. I|2.10|l . (|2.1ti|) 
and l|2.17|l the full relativistic scattering equation 

M^(q f , qi ;P) 



E 



(M i ^ f f(q f ,q i ;P) + 

d 4 k n (M irr f f £(q f ,k n ;P) X 

GZ(k n ,P) M2f(k n , qi] P) . (2.18) 

In all we have 2 2 — 4 amplitudes, which arc coupled as 
illustrated in Eq. (|2.18|) . 

The complexity of the previous equation can be 
; reduced considerably if we assume dynamical pair- 
suppression, i.e. if we neglect the contribution of 
negative-energy states. Then the full scattering equa- 
tion Eq. I|2.18|l . for a = + and [3 = +, reduces to the 
four-dimensional integral equation 



M 



fl + (q f , qi ;P) = (AP r % + (qf,q^P) 



£ f d A k n (M irr )% + (q f ,k„;P) 
G+(k n ,P) Af+< + (fc„, 94 ;P) ,(2.19) 



with the positive-energy Green's function 



G+(k n ,P) 



(2tt) 4 



1 



4E(k n )£{k n ) 
1 



\jiiW + K - £(kn) + is] 
i 

[fi 2 W-k°-£(k n )+i5] 



(2.20) 



We note that this simplification in principle brings about 
a hopefully tolerable breach of relativistic invariance. On 
the other hand in Fcynman diagrams particles go off- 
mass-shell, and the off-mass-shcll behavior is not really 
known for mesons and baryons, certainly not if a trun- 
cated kernel is used, which is always the case. Then it 
might be better to allow positive-energy states only. 



C. Three-dimensional two-particle equations 

Three-dimensional integral equations for the ampli- 
tudes can be derived in various ways. The methods 
assume 2-particlc unitarity as a basic ingredient. The 
derivation for the mcson-baryon systems follows the same 
procedure as that for the baryon-baryqn channels. For 
the latter see e.g. references [2l E3 IS Ell El El E| 
In j3f| the derivation is based entirely on two-particle uni- 
tarity and the analyticity properties of the amplitudes, 
using the ./V/£>-formalisrn. In the latter approach the 
in essence Rcgge pole nature of meson-exchange can be 
apprehended most easily. 



1. On-mass- shell approximation 

The simplest way to reduce the four-dimensional inte- 
gral equation, Eq. (|2.19() . to a three-dimensional one is 
to put the intermediate particles on the mass-shell, i.e. 
P°n = E(k n ) = y/K + Ml q° n = £(k n ) = y/K + ml It 
can readily be shown from Eq. 1|2.8[) that the zero com- 
ponents of the relative and total momenta k n and P n are 
given by 



P„° = E(k n )+£(k n ) . 



(2.21) 



If we neglect the fc°-dependcnce of the amplitudes, and 
evaluate them at the value given by Eq. I|2.21|l . the de- 
pendence of the four-dimensional equation on fe„ only 
occurs in the Green's function, and the fc°-integration 
of the Green's function can be done. We can define the 
fc°-indcpcndent amplitudes 

T m (k n ,q i; W) = M+l + (k n , qi ;P) , 
V fn (qj,K;W) = (M irr ) + f ^(q f ,k n ;P) , (2.22) 

where k° = //„ j /■.'■: k„ : - fi nA £(k n ). Now, the k°- 
integration in Eq. I|2.19|l can be carried through, this 



Figure 2: Diagrammatic representation of the meson-baryon 
scattering equation Eq. 12.241 . The solid line denotes the 
baryon and the dashed line denotes the meson. 



leads to 



/oo 
dk n0 G+(k n ;P) 
-OO 



' — OO 

1 



1 



(2tt)3 AE(k n )£(k n ) 
1 



W -E{k n )-£{k n ) + i6 



.(2.23) 



The four-dimensional integral equation, Eq. I|2.19[) . now 
results in the three-dimensional integral equation , which 
is also derived in [oil ]. 

x r (fib 
TfMf,<h;W) = V fi {< lf ,c U ;W) + Y< J 

Vf n (q/, k n ; VF)G (k„, W)T m {k n , q 4 ; W) .(2.24) 

The integral equation for the T-matrix, Eq. Q2.24p . is 
schematically given in Figure H 

We remark that the three-dimensional integral equa- 
tion for the amplitude, Eq. I|2.24|l . is here obtained as 
an approximation of the Bethe-Salpeter equation, but 
in the formulation of Quantum Field Theory (QFT) as 
developed by Kadyshevsky [H |U El E| this integral 
equation is obtained without making any approximation. 
In this formulation of QFT all particles, in particular the 
intermediate particles, are always on the mass-shell in 
contrast to the formalism of Feynman. Hence a covariant 
form of pair-suppression can be introduced phenomcno- 
logically. 

Until this subsection the intermediate particles were in 
principle off-mass-shell and the total four momentum was 
conserved. Now we have put the intermediate particles 
on-mass-shell, but now in principle they are off-energy- 
shell, which means that W ^ E(k n )+£(k n ). And the to- 
tal four momentum in not conserved, but the total three 
momentum is conserved. 

Note that if the intermediate state is on-encrgy-shcll, 
i.e. W = E(k„) + £ (k„), the two poles of the Green's 
function, Eq. (|2.20() . coincide. The value of fc° at which 
this "pinching" occurs is given by the on-mass-shcll value, 

Eq. vrm . 



k , 



Hn i2 E(k n ) - n nA £(k n ) ± iS 



(2.25) 



The contribution to the integral around this value of fc" 
will be dominant, due to the pinching of the poles. This 
is the rationale for the "on-mass-shcll approximation" . 
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2. Potentials for the 3-d integral equation 



Lippmann-Schwinger equation 



In order to calculate cross sections or phase shifts we 
need to solve Eq. (|2.24|) . which is a complex integral 
equation for the T-matrix, even for physical momenta. 
It is possible to transform Eq. I|2.24[) into a Lippmann- 
Schwinger equation (which can be Fourier-transformed 
into coordinate space). However we do our calculations 
always in momentum space, so we do not need to solve 
the Lippmann-Schwinger equation but we will always 
solve Eq. (|2~2~4"|) . 

Using rotational invariance and parity conservation we 
expand the T-matrix, which is a 2 x 2-matrix in Pauli- 
spinor space, into a complete set of Pauli-spinor invari- 
ants. Introducing the momentum vectors 

q = ^(q/ + Qi) , k = q f q; , h = q { x q f , (2.26) 

where q/ and are the final and initial CM-three- 
momcnta respectively, there are only two independent 
spinor invariants P a , rotational invariant and invariant 
under parity transformations. We choose for the opera- 
tors P a in spin-space 



Pi = 1 , P. 2 = tr ■ qi X q/ 



(2.27) 



corresponding to the central and spin-orbit piece of the 
amplitude, now the expansion of the T-matrix in spinor 
invariants reads 



In order to arrive at a Lippmann-Schwinger equation, 
one chooses a new Green's function <?(k, W) which sat- 
isfies a dispersion relation in p 2 (s) rather than in s |28j . 
Then one obtains 



1 



2[T(k„)+£(k„)] 



04 



id)- 1 , (2.32) 



where q„ is the on-energy-shell momentum. This Green's 
function is then used in the integral equation Eq. (|2.24|) 
instead of the Green's function Go(k„, W). So the correc- 
tions to (/| W|i) due to the transformation of the Green's 
functions are neglected here, they are of higher order 
in the couplings and are usually discarded in an OBE- 
approach. With the substitution of q for Go, Eq. (|2.23|) 
becomes identical to Eq. (2.19) of [23 . From now on wc 
follow Sec. II of [2£| in detail, the transformation to the 
non-relativistic normalization of the two-particle states 
leads to states with 

(pi,si;p' 2 ,4|Pi,si;P2,s 2 ) = (2tt) 6 (5 3 (p' 1 - pi)5 s ' 1)8l 

x<5 3 (p' 2 -p 2 )<M2..33) 

For these states we define the non-relativistic T-matrix 

if\T\i) = 1 = (f\T\i)—= 1 , 

^34(^3 + ^4) VW£i+£ 2 ) 

(2.34) 



T = ^T«(q2, q 2, q/ .q.) P a 

1 

= /(q/,qi)+*5(q/»q») • ( 2 - 28 ) 

For the partial wave projection we found it convenient to 
rewrite the T-matrix in terms of the amplitudes F and 
G 

T = F(q f ,q i ) + (<r-q f )G(q f ,q i ) (<r • q*) . (2.29) 

The relation between the "spin-nonflip" and "spin-flip" 
amplitudes /, g and the amplitudes F, G is readily found 
to be 



F = f+(q r qi)g , G 



(2.30) 



The connection between the non-relativistic amplitudes 
F and G defined in Eq. (|2.29|l and the relativistic ampli- 
tudes A and B defined in Eq. (|2.5|l can be obtained in a 
straightforward way using the explicit representation of 
the Dirac spinors, as will be shown in Sec. Ill Dl Similar 
to Eq. (|2.28|) wc expand the potentials V, so 



V = ^>a(q/,q?,q/-qi) Pa 
1 

= V c (q f ,qi) + iV S o{cif,qi) (<x • n) . (2.31) 



where /112 and /X34 are the reduced masses for respectively 
the initial and final state. Then we get from Eq. (|2.24() 
the Lippmann-Schwinger equation 

(3,4|T|1,2) = (3,4|V|1,2) +^ J ^L( 3 ,4|V|m,n 2 ) 
x J^Z -, ("i."2|r|l,2), (2.35) 

q« - k n + ™ 

where the potential V is defined analogously to the T- 
matrix, Eq. H2.34(l . If in the low-energy approxima- 
tion, the energies are expanded in terms of the mo- 
menta squared, the Lippmann-Schwinger equation in mo- 
mentum space can in principle be Fourier-transformed 
into the equivalent Schrodingcr equation in configuration 
space. However our calculations are always in momen- 
tum space, so we always solve Eq. Q2.24p . 



D. Relation between relativistic- 
CM-amplitudes 



and 



The relation between the relativistic amplitudes A and 
B and the non-relativistic amplitudes F and G is found 
making use of the representation of the Dirac spinors 
|27j . Since in the three-dimensional integral equation, 
Eq. (|2.24|) . off-energy shell amplitudes appear, we now 
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distinguish between the CM-energies of the final and ini- 
tial states, defined by 



W] = s f = (p' + q') 



i \2 



Wf 



{p + qf . (2.36) 



Then, a straightforward calculation of the operators 1 
and Q between Dirac spinors gives the corresponding 
operators between Pauli spinors. 



i(p / ,s / )u(p l ,s i ) = 



y/ (Ef + Mf)(Ei + Mi) x\x 
a ■ pf a ■ pi 



1 - 



(E f + Mf)(Ei + Mi) 



Xi , 



l(p f ,s f )Qu(pi, Si ) = yj '(Ef + M f )(Ei + Mi) X \ x 



- [{W f - Mf) + (Wi - Mi)} + 
t[(Wf + M f ) + (Wi + Mi)] x 



cr Pf cr pi 



with 



(Ef + M f )(Ei + Mi) 



2 («/ + 90" 



X l (2.37) 



(2.38) 



In Eq. (|2.37|) wc us cd the shorthand notations Ef = 
E(pf) etc. for the baryon variables. The meson vari- 
ables were eliminated using q° = W — E etc. From the 
expressions in Eqs. (|2.37|) . (|2.5|l and l|2.29|l we immedi- 
ately obtain the relations between the amplitudes F, G 
and A,B 



F(p f ,pi) = (Ef + Mf)(Ei + Mi 
W f - M f +Wi- M, 



A(s,t,u) + 
B(s,t,u) , 



G(Pf,Pi) = yJiEf-MfXEt-Mi) 
W f + M f + W, + M, 



- A(s,t,u) + 



B(s, t, u) 



III. THE PARTIAL WAVE EQUATION 

The NSC model is fitted to the partial wave analyses 
of the ttN and K + N scattering data, for this purpose the 
integral equation for the meson-baryon amplitude must 
be solved on the partial wave basis. This section deals 
with the transformation of the integral equation on the 
plane wave basis to the integral equation on the partial 
wave (LSJ) basis. From the unitarity of the scattering 
matrix, the relation between the partial wave amplitude 
and the partial wave phase shifts is derived. 



A. Partial wave analysis 

The states for the meson-baryon system are charac- 
terized by J, L, where J is the total angular momentum 
and L the orbital angular momentum. The latter, 
for fixed J- value, can assume the values L = J =p i, 
since the spin of the baryons is S = i. Distinguishing 
between the partial waves with parity P = ( — ) J_1 / 2 
and P = (— ) J + 1 / 2 j using rotational invariance, we can 
write the potential matrix elements on the LSJ-basis in 
the following way 



(i) P= (-) L \L+ = J -1/2: 



(q f ;L'j'M'\ V \qr,LJM) = 

4tt V J ' L+ (L',L) 5j,jS m , m S l , l , 



(3.1) 



(ii) P= R L -,£- = J +1/2: 



(q f ;L'J'M'\ V \ qi ;LJM) = 
An V J ' L -(L',L) 6j,j6 M , M 5 VL 



(3.2) 



Because of parity conservation in strong interactions, the 
L+ = J — 1/2 and the L- = J + 1/2 waves obviously 
are decoupled. So mixing between states with different 
angular momentum never occurs. 

The spherical wave functions in momentum space with 
quantum numbers J, M, L, S = 1/2 are 



y%(p,*) = Y. C tlM Y£(p) xi h \s) , (3.3) 



where s is a spin variable for the baryons. For example, 
s denotes the helicity of the baryon, or the projection of 
the spin along the normal n to the scattering plane, or 
the projection of the spin along the z-axis. The latter 
spin variable we will use in this work. Then, in Eq. I|3.3|) 

we have X^ 2 \ s ) = ^s,fj,- The central and non-central 
potential matrix elements on the LSJ-basis are derived 
in detail in Appendix IA II the results are 



(2.39) 1. Central P x = 1: 



(q f ;L , J , M , \F(q J ,q i )\q i ;LJM) 
ATrF L (q f ,q l ) S L > lSj',jS M ',m 

2. Non-central P£ = (cr ■ q/)(<r ■ qi) : 

(q f] L'J'M'\G(< l f,qi)\qi ] LJM) = 



(3.4) 



47T 



'J'M 1 

E 

L" 



aL',L"G L " (qf,qi)aL",L S, 



J'JOM'.M 



,(3.5) 



1 In this section we use the non-relativistic normalization Eq. 
12.331 of the two-particle states. 
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where the partial wave projections Fl and Gl as well as 
the matrix at/ £ are defined in Appendix 1X1 The partial 
wave potentials V J ' L+ and V J * L - in Eqs. I|3.1|) and (j3.2|) 
can be expressed in terms of the partial wave expansions 
of F and G. As expected from parity conservation, the 
partial wave potentials are diagonal in the L = (J±l/2)- 
space 



V J - L± = F L± 



+ 1 



(3.6) 



The partial wave potentials can also be expressed in 
terms of the partial wave projections of the central and 
spin-orbit potential. The relation between F and G 
and the central and spin-orbit potentials is given by Eq. 



F 



V 



c 



cos0 V so , G 



-V 



so 



(3.7) 



The partial wave potentials in terms of the partial wave 
projections of the central and spin-orbit potentials be- 
comes 



V 



V, 



c 



L+ = , 



V 



c 

± 

L- 



2L H 



-V so 

V L + + 



2La 



■V, 



so 

L±-l 



V, 



so 



L±±l i 



L± > 1 .(3. 



B. Partial wave integral equations and the 
unitarity relations 

1. Partial wave integral equations 

The integral equation Eq. (|2.24|l we write first explic- 
itly in terms of the plane wave states 

(q/> s/|^(V5)|qi,Si) = (<lf,Sf\V(Vs)\qi,s) 
fd 3 k 

(3.9) 



(2tt) 3 

x (k„,s„|T(v / s)|q l ,s i 



where, apart from spin-space, the amplitude T, the 
Green's function Go and the potential V are matrices 
in the two-particle channel space. The partial wave T- 
matrix for L = Li = L f defined by 

T J>L {qf,q i]y rs) = {qr,LJM\T{^\q i ;LJM) , (3.10) 

which is independent of J z = M due to rotation invari- 
ance, is related to the T-matrix on the plane wave basis 
by 

Tj,L(lf,qf,Vs) = E/^/tI^ {wLJM\d' f ,s f ) 

Sf ,Si 

x (q' /lS/ |r(^)|q' i)Si ) (qJ.SilftjiJM) . (3.11) 



The integral equation for the partial wave amplitude now 
becomes 

T.ll {q f , q, ; yfs) = V J>L (q f , q t ; y/s) + V / -fi- £ x 

„ Jo ( 27r ) 

Vj t L(qf,q n ;Vs) G (k n ,y/s)Tj iL (q n ,qi;^/s) .(3.12) 

2. Partial wave unitarity relations, phase shifts 

From the unitarity of the S- matrix, S = 1, the 
M-matrix in Eq. (|2.2|l satisfies the condition 

2S(f\M\i) = -(2tt) 4 Si ( p f- p n) 

n 

x{f\M^\n){n\M\i) . (3.13) 

In deriving Eq. (|3.13|1 one factors out a S 4 (Pf — Pi). The 
previous equation for the CM-amplitudcs can be written 
more explicitly, see for example Eq. (II. 1.14) of [34[, as 



29 f (q / , S/ |T|q i)Si ) = -7^)2E / 



(27r) 2 ^y 4£(k„)£(k„) 

x (q f ,Sf\T^\k n ,s n ) 6{^-E(k n )-E(K)) 

x (k n ,s n \T\q llSl ) , (3.14) 

where the summation is over all intermediate two- 
particle channels coupled to the initial and final state. 
Here, s 2 ;, s/, and s n are the spin labels for the initial, 
final, and intermediate states. The momentum of the 
intermediate state k n is such that E(k n ) + £(k„) = \/s. 
The unitarity relation for the partial wave amplitude then 
becomes 

2%Tj, L {q f , qi ) = -J2 16 Jz 7g T ),i,(g/'g") 

n * 

xTj,l (q n ,Qi) , (3.15) 

where q n is the on-energy-shell momentum of the inter- 
mediate state. Introducing the partial wave amplitudes 
Fj_l by the definition 

T LL = -327r 2 v/i Fj, L , (3.16) 
we find the simple unitarity relation for these amplitudes 

%Fj. L (q f ,q t ) = ^q c Fj, L (qf ,9c) 1 Fjx{q c ,qi) . (3.17) 

c 

For the single channel case q c = qi = qf = q, phase shifts 
can be defined for the partial wave amplitude Fj.l in the 
usual way 

F.j,l = ^ sin Sjx(q)cxp(iSj. L {q)) ■ (3.18) 
The relation of Fj^l with the partial wave S'-matrix is 
Sj,l = e 2 * 5 ' 7 ' 1 = 1 + 2iq F JtL . (3.19) 
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Now the expression for the differential cross section be- 
comes 

da - 2 
dtt 



\9\ 2 



(3.20) 



where the commonly used spin-nonflip and spin-flip am- 
plitudes / and g are given by 

/ 



L+1)F, 



Pl(cos8) , 



dP L (cos6) 



dcos 9 



(3.21) 



The expressions for the total cross section, which is found 
by integrating the differential cross section, and the po- 
larization are 

a = An z2^— {\ f -'- l +\ + \ F ^-\ ) , 



P(0) = 



23 



(/>) 



\~9\ 2 



(3.22) 



IV. BARYON- AND MESON-EXCHANGE 
POTENTIALS 

The effective local interaction Hamiltonians that are 
used to calculate the one-hadron-exchange potentials are 
defined in this section. The Lorentz structure of the inter- 
action is given and the SUf(3) structure is reviewed, since 
we extend the NSC tt TV-model to the NSC K + N- model. 
The amplitudes of the one-hadron-exchange Fcynman di- 
agrams are given and a partial wave projection is made 
to find the partial wave potentials. 



A. The interaction Hamiltonians 

The potentials we use are obtained from the ^-channel 
one-meson-exchange (OBE) and the u- and s-channel 
baryon-exchange Feynman diagrams. In the i-channel 
we consider the exchange of vector- and scalar-mesons 
and in the u- and s-channel we consider the exchange of 
J p = -| + and | + -baryons. In this work we also include 
Pomeron-exchange diagrams, where the physical nature 
of the Pomeron can be understood in the light of QCD 
as a two-gluon-exchange effect, see The contri- 

bution of the Pomeron will almost completely cancel the 
contribution of the isoscalar scalar-meson a. 

The OBE Feynman diagrams for meson-baryon in- 
teractions contain a meson-baryon-baryon vertex and a 
meson-meson-meson vertex. These vertices are deter- 
mined by the effective local interaction Hamiltonian den- 
sities. The Lorentz structure of the local interaction den- 
sities for the mcson-baryon-baryon (MBB) vertices we 
use arc listed below 



\. J PC = h Pscudoscalar-mcsons : 

For the pseudoscalar-mcsons we use the pscudovec- 
tor interaction Hamiltonian 



7~lpv 



f 



(4.1) 



which is scaled with the charged-pion mass in or- 
der to have a dimensionlcss pseudovector coupling 
constant. 

b. J PC = 1 Vector- mesons : 

The interaction Hamiltonian is given in terms of 
the electric and magnetic interaction 

Ti-v = gv i>fyni>i <t> v 

{dtl<t> y ~ dU(t> v) > (4-2) 

where usually the proton mass is used for M to 
scale the magnetic part of the interaction Hamil- 
tonian. The antisymmetric tensor operator used 
here, is defined as er M „ = | hv,7^]. 

c. J PC = ++ Scalar-mesons: 



7-Ls = 9 s ipfipi <t>s 



(4.3) 



Since we include Pomeron-exchange in the NSC 
model, the scalar-meson-exchange is canceled for 
the greater part, hence it is possible to satisfy 
the soft-pion theorem while including scalar-meson- 
exchange. 

d. J PC = 2 ++ Tcnsor-mcsons : 

For the tensor-mesons we use the interaction 
Hamiltonian 



~^>S \ In d » +1" d n ) V'i Pi- 



0T > 



- ( V/ in ) F 2 



(4.4) 



where the coupling constants F± and F2 are related 
to the dimensionless Pauli coupling constants by 
Gti — MFi and Gt,2 = M 2 F2- Using the Gor- 



don decomposition the Pauli coupling constants are 
related to the Dirac coupling constants by gx = 
Gt,i Gt,2 and fx = — Gt,2- 



e. J 1 



Resonance-Baryon-Pseudoscalar-meson: 



3 + 



Res- 



The local interaction density for the J 1 
onance -Nucleon-Pseudoscalar-meson (Y*NP) in- 
teraction is 



H 



Y'NP 



r 



(4.5) 



where the charged-pion mass makes the coupling 
dimensionless. We use the Rarita-Schwinger for- 
malism for the spin-3/2 resonances, see e.g. pjj 

m. 
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f. J 



i Resonance-Baryon-Pseudoscalar-meson: 

The local interaction Hamiltonian for the J p = \ 
Resonance- Nucleon-Pseudoscalar-meson (RNP) 
interaction is 



TLrnp 



f 



■(«) 



(4.6) 



the contributions to the relativistic invariant amplitudes 
A(s,t,u) and B(s,t,u) in Eq. 1)2.5(1 for the elastic (e.g. 
ttN and K+ N) channels, i.e. AU = Mf = M, rm = 
m.f = m, where Mf and Mj are the final and initial 
baryon masses and my and m, are the final and initial 
pseudoscalar-meson masses respectively. Amplitudes for 
the general mass case are listed in Appendix 151 



resonance, which 



where i/jr denotes the J p = | 
has opposite parity to the nucleon. The J p = 
i resonances we consider in this work are the 
(1555) in the nN system and the A(1405) in 
the KN system. 



1. Baryon- exchange amplitudes 



For J p = i + baryon-exchange the relativistic ampli- 
tudes are 



Here 4> denotes the pseudoscalar-, vector-, scalar-, and 
tensor-meson fields respectively and ip denotes the 
baryon fields. The Pomeron-baryon-baryon interaction 
density we use, has the same Lorentz structure as the 
scalar-mesons. 

We note that, making use of the Dirac equation 
(l^d^ + M) -0 = 0, the pseudovector interaction Hamil- 
tonian density in Eq. (|4.1|) is "equivalent" to the pseu- 
doscalar density Hps = ig tpfjsipi 4>p for on-mass- 
shell particles. The coupling constants are then re- 
lated according to g/(MB f + Mb^) = f/rn n +. Analo- 
gous we find that the vector coupling Hamiltonian den- 
sity in Eq. I|4.6|) is "equivalent" to the scalar density 
TLs = ig*^ipNipR 4>p f° r on-mass-shell particles. The 
coupling constants are in this case related according to 
g*^/(M N -M R ) = /*(")/m ff+ . 

The Lorentz structure of the local interaction density 
for triple-meson (MMM) vertices is schematically given 
below, they are discussed in more detail in paper II. 



(i) J PC = 1 — 



Vector-mesons: 



Tippy = gppv 



(ii) J c = ++ Scalar-mesons : 

TCpps = gpps <i>s {<t>P 4>p) 

(iii) J PC — 2 ++ Tensor-mesons : 

Hppt = 



2dPPT (d^p) (d v <f> P ) 



(4.7) 



(4.8) 



(4.9) 



Concerning the flavor structure of the interaction densi- 
ties, we assume that the coupling constants are related 
via SUf(3) symmetry, as outlined in paper II , here the 
relevant isoscalar and isospin factors are given. However 
the potentials will break the SUf(3) symmetry dynami- 
cally, since we use the physical masses of the particles. 



B. The relativistic invariant amplitudes 

Using the previously defined interaction Hamiltoni- 
ans, we give, besides the isospin and isoscalar factors, 



A ps (s,t,u) = - 9l ,f 2 23 , ■ [Mb — M] 



B ps (s,t,u) 



u - Mf + ie 

.914.923 

' u - M B + it ' 



fuf2-i/m 2 + f 
A pv (s,t,u) = — — — [u (M + M B ) 



B pv (s,t,u) 



u - M B + ie 
-M 3 - M 2 M B ] , 

u - M% + ie 
+M' 2 ] , 



[u + 2MM B 



(4.10) 



for pseudoscalar (ps) and pseudovector (pv) coupling re- 
spectively, Mb is the mass of the exchanged baryon. The 
J p = i + baryon direct pole gives rise to the relativistic 
amplitudes 



= - „ 9 l% 34 ,A M B -M], 



B ps (s,t,u) 



A pv (s, t : u) 



B pv (s,t,u) 



s-M B + ie 

ffl2ff34 

s - M% + ie ' 

/l2 /34 / 777^+ 

s - Mf + ie 
-M 3 - M 2 M B ] , 



[s (M + M B ) 



s - M 2 + ie 
+M 2 ] , 



[s + 2MM B 



(4.11) 



for pseudoscalar and pseudovector coupling respectively. 
1 

2 



For J p = i baryon-exchange the relativistic amplitudes 



are 



B s (s, t, u) 



u - M 2 B + ie 

*(s) *(s) 
■9l4 ff23 

u - Mf + ie 



r*(v) r*(v) I 2 

A v (s,t,u) = /U ZJ! * + [u(-M + M B ) 
u — M B + ie 

+M 3 - M 2 M B ] , 
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r*(v) r*(v) , 2 

B v (s,t,u) = 4 A l 2 , " + [-u + 2MM B 
u — Alg + ie 

— M 2 ] , (4.12) 
for scalar (s) and vector (v) coupling respectively, Mb is 



the mass of the exchanged baryon. The J 1 



baryon 



direct pole gives rise to the relativistic amplitudes 
A s (s,t,u) 



0) *W 



s-Ml+ ie 



B s (s,t,u) 
A v (s,t,u) 



*(«) *(«) 

£12 g 3 4 

s - M| + ie ' 

/•*(^) />*(v) / 2 
Jl2 J34 / TO 7r+ 

s - M 2 + ie 
+M 3 - M 2 M B ] 



[s (-M + M B ) 



fl2 / 3 4 / m l+ 



B v (s,t,u) = — 



s - Ml 



ie 



[s + 2MM B 



—M] , (4.13) 
for scalar and vector coupling respectively. The J p = 

3 + 

^ resonanci 
complicated 



| resonance-exchange relativistic amplitudes are more 



A Y *(s,t,u) 



u - M Y , + ie 



[t - 2m 2 ] 



(M + My- ) 



[« - M 2 ] 



+ 7tt^— [ - w 2 + 2Mu (M + My. ) 
6M Y * 



-2M 3 M Y * -M a + to 4 ] 



6M2, 



[M 2 



u] (M + My*) 



By* (s, t, u) 



[t - 2m 2 ] 



u - M Y , + ie 

+ 3My~ ^ ^ M + MV ' ^ ( 2MMr * ~ m2 ) 
-uM + M 3 ] 

1 



6M 2 , 



[u - M 2 + m 2 ] ' 



(4.14) 



where My* is the mass of the exchanged resonance. The 
J p = | + resonance direct pole gives rise to the relativis- 
tic amplitudes 



1 



[ - s 2 + 2Ms (M + My, ) 



QM Y * 

-2M 3 M Y * - M 4 + m 4 ] 
-^-[M 2 -m 2 -s] 2 (M + My*) 



By* (s, t, u) 



[t - 2m 2 ] 



s - M Y , + ie 

-sM + M 3 ] 
1 



6M 2 , 



M 



(4.15) 



2. Meson- and Pomeron- exchange amplitudes 

The relativistic amplitudes for the t-channcl 
Pomeron-exchange, scalar-meson-exchange, vector- 
meson-exchange and tensor-meson-exchange are 



A P (s,t, u 
A s {s 7 t,u 

Ay(s, t, u 

By(s, t, u 

At(s, t, u 



B T (s,t,u) = 



gppp gp 



, B P (s,t,u) = , 
, B s {s,t,u)=0 
gppv fv r , 



M 

gpps gs 

t — m s + ie 



t-m\r + ie 2M 



gppv 



t — m\r + ie 



gppT/m^+ 
t — to?p + ie 

2MF Y + 

gpp T /m^+ 
t — to?p + ie 



M 

9V+ M fv 



-(a- u) 2 F 2 - - [4to 2 - t] 
4 v 6 J 



1 



(AM* -t)F 2 



[s - u] F x , 



(4.16) 



where ms, my and mj- are the masses of the ex- 
changed scalar-meson, vector-meson and tensor-meson 
respectively. 

Here we notice that for the meson-exchange and 
Pomeron-exchange amplitudes an extra factor 2 must be 
added to the amplitudes if both the initial and final state 
contain a 7r or 77, this is not the case for any other com- 
bination of pseudoscalar-mesons in the initial and final 
state. For elastic 7T./V scattering for example, an extra 
factor 2 is added to the p-exchange, Pomeron-exchange 
and er-exchange amplitudes. 



Ay*(s,t,u) 



/i* 2 /3 4 /m 2 + 
s - M 2 , + ie 



It - 2m 2 



(M + My*) 



[ S -M 2 ] 



C. Partial wave potentials 

As discussed in Sec. IIIII we solve the integral equation 
for the T- matrix on the partial wave basis, Eq. i|3.12f> . 
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And in paper II we fit the NSC model to the wN par- 
tial wave analysis pj and the K + N partial wave analysis 
. For this purpose we need to calculate the partial wave 
projection of the potentials, Eq. 1)3. 6|) . In our approxima- 
tion, the potentials are given by the invariant amplitudes 
A and B, Eqs. (|4.10|) - (|4.16|) . of the one-meson-exchange 
and one-baryon-exchange Feynman diagrams. 

Until this point, we did not mention the need for form 
factors to regulate the high energy behavior, i.e. the short 
distance behavior, of the potentials, but in fact the ker- 
nel of the integral equation without form factors docs not 
satisfy the Fredholm condition, J J dp dk \K(p,k)\ < 
co, in general. Furthermore we have derived our 
one-meson-exchange and one-baryon-exchange potentials 
from Quantum Field Theory, which is in principle only 
valid for point particles, while mesons and baryons have 
an internal structure. Therefore we need to take into ac- 
count the extended size of the mesons and baryons by 
means of a form factor. Since the ground state wave 
functions of the quarks are Gaussian, form factors of the 
Gaussian type are used in the NSC model. For i-channel 
exchanges we multiply the potentials by the form factor 



F(A) 



= „-(p 



/-p. 



VA 2 



(4.17) 



where and p/ are the CM three-momenta for the ini- 
tial and final state respectively, i.e. at both vertices 
we have used the difference between the final and ini- 
tial three-momenta. A is a cutoff mass, which will be 
determined in the fit to the experimental phases. 

For u- and s-channcl exchanges, the difference between 
the final and initial three- momenta of the baryon is used, 
giving the form factor 



F(A) = e -(p?+P?)/ 2A2 



(4.18) 



This form factor obviously does not depend on the scat- 
tering angle 8, which makes the partial wave projection 
easier. For the u- and t-channel we rewrite the denomi- 
nators of the potentials in the form 



1 



1 



1 



t — m 2 2p fPi z t — x 
1 -1 1 



u — m 



2pfPi z u + x 



(4.19) 



where x = cos(£?) and 9 is the angle between the final and 
initial three-momenta pf and p^. Here we have defined 
the Zt and z u factors 



1 



Zi 



2p f pi 
1 



p 2 f +p---[E l -E f -u Jt +u f Y 



m'+pj+pi --[Ek + Ef 



(4.20) 



where E*i are the baryon energies, Wfi are the meson 
energies and m the mass of the exchanged particle. For 



positive and real momenta, i.e. for open channels, we 
have z > 1. Now it is clear that the potentials of 
Eq. (|2.31(1 . where a stands for central or spin-orbit, can 
be expanded in x as 2 



V^(p f , Pl ) = 



1 



1 

ZpfPi 



+ xY {a ^ +x 2 Z (a 1 
X^ + xY^ +x 2 Z {a ^ 



V (a \p } ,Pi) = \x^+xY^ 



F(As) 



M 



2 ' 



Z t - X 
F{K) 



(4.21) 



for t-, u- and s-channel exchanges respectively, for all par- 
ticles that are exchanged. The coefficients X^ , Y ( a > and 
can be found easily by writing out the ^-dependence 
of the invariant amplitudes A and B, they are listed in 
Appendix El for each type of exchange. 

The partial wave potentials are found by inverting 
the partial wave expansion Eq. I|A2[1 . giving 

v[ a) (p f ,Pi) = \ f^dxPLtoVtofcftPi) . (4.22) 
The partial wave potentials now take the form 



vt a) (Pf, Pl ) 



X 



HK) 5, „ I Y ™ F(As) * 



s - Mi 



L.l 



s-M% 3 



%PfPi 



X 



(a) 



z t Y^ + z?Z^ 



U L {A u z t )- (Y^+ztZ^ R L (A t ,z t ) 
Z^S L (A t ,z t )} , 

(x™ - z u Y^ + zlZ^ 



(-1) L 
tyfPi 



xU L (A u , z u ) - (-Y^ + z u Z {a) ) Rl(A U: z u ) 



-Z^S L (A u ,z u ) 



(4.23) 



for s-, t-, and u-channel exchanges respectively. We have 
defined the basic partial wave projections Ul, Rl, Sl 
and Tl in terms of the Legendre polynomials Pl (x) and 
the form factors 



U L (A,z) 



1 



dx 



Pl{x)F(A) 



In case of more complicated exchanges, e.g. J PC = | + - 
rcsonance, the expansions of the potentials have an additional 
term of higher order in x, for the t- and u-channel x^U^ a \ and 
for the s-channel x 2 Z( a \ 

We notice that a similar expansion for F and G instead of V< c > 
and yt- 30 ) would be a little simpler. However we will use the 
central and spin-orbit potentials in light of a momentum space 
version of the NSC model. 
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R L (A,z) 
Sl(A,z) 
T L (A,z) 



\ £ dxP L (x)F(A) , 



dxP L {x)xF{A) 



-l 
i 



dxP L {x)x 2 F(A) . (4.24) 



The factor (— ) L appearing in the u-channel partial wave 
potentials, which is the result of changing the integration 
variable x — > — x in the Legendre polynomial, is typical 
for exchange forces. In this way it can be seen that the 
total partial wave potential is a linear combination of a 
direct and an exchange potential, ' = Vd±V e and the 
corresponding T-matrix is T^> = Td ± T e . The ampli- 
tudes Td and T e do not satisfy an integral equation, but 
the two linear combinations T^' — Td ± T e do. 

We notice that if the form factor does not depend on 
x (in case of M-channel potentials) or if we consider the 
limit A — > oo, i.e. F(A) — > 1, the basic partial wave 
projections defined in Eq. (|4.24() are proportional to the 
simple functions 

U L (A,z) oc Q L (z) , 
R L (A,z) oc S L:0 , 



S L (A,z) oc -6 L> i , 

1 2 

T L (A,z) oc -5 Lfl + — 5 L ,2 , 
3 15 



(4.25) 



where Ql(z) is the Legendre function of the second kind, 
which is an analytic function of its argument except for 
a cut on the real axis running from -1 to 1, as is clear 
from Eq. Q4.24p . In view of Eq. I|4.20|l . the cut is entered 
only for on-encrgy-shcll potentials below threshold, but 
we always calculate the on-energy-shell potentials above 
threshold, so we will never reach the cut. 

In the NSC TrTV-model we will include s-channel 
baryon-exchange diagrams, which are in principle sep- 
arable diagrams, having the form 



V(pf,Pi) 



r(p/) rfo 



(4.26) 



Writing out the partial wave potential for the A pole 
(P 33 -wave) explicitly, using Eq. (|3.6|l and Eq. 1)4.23(1 . 



V* 



f; 



^ 1 \IVk 



M % ){E f + Mf) 



PfPr 



M 



(4.27) 



we see that this potential is of the separable kind indeed. 

We need to be careful in including the s-channel di- 
agrams in a model that has been renormalized, i.e. in 
which (renormalized) physical coupling constants and 



masses are used. It is not possible to simply add the 
s-channel diagrams to the other ones, because iterations 
of s-channel diagrams will give contributions to the ver- 
tex and self-energy. The way these diagrams are included 
in the NSC model is described in paper II, here we show 
that bare masses and coupling constants should be used 
in the s-channel diagrams and that these bare parame- 
ters are determined by requiring that (i) the T-matrix 
has a pole at the physical mass y/s = M e , (ii) the residue 
at the pole is given by the physical coupling constant. 



V. SUMMARY 

Analogous to the Nijmegen soft-core one-boson- 
exchange NN and YN models, we have derived the NSC 
model for the interaction between pscudoscalar-mesons 
and baryons (irN, K + N, etc.). 

For the general mass case the meson-baryon potentials 
in the context of a relativistic two-particle equation, the 
Bethe-Salpeter equation, are defined in Sec. |H] The po- 
tentials consist of onc-mcson and one-baryon-exchangc 
Feynman diagrams. The Bcthc-Salpctcr equation is 
approximated by assuming dynamical pair-suppression, 
hence neglecting the propagation of negative-energy 
states, and by integrating over the time variable, giving 
a three-dimensional integral equation for the scattering 
amplitude, which is a generalization of the Lippmann- 
Schwinger equation. 

A transformation of this equation on the plane wave 
basis to the partial wave (LSJ) basis is described in Sec. 
IIIII A one-dimensional integral equation for the partial 
wave scattering amplitude is derived, which is decoupled 
for each partial wave, because of parity conservation in 
strong interactions. 

In Sec. IIVI the interaction Hamiltonians arc given 
and the resulting one-baryon-exchange and one-meson- 
exchange invariant amplitudes have been derived, these 
amplitudes define the partial wave potentials used in the 
calculations. 
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Appendix A: MATRIX ELEMENTS ON THE 
LSJ-BASIS 

1. Partial wave amplitudes 
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Here we derive the central and non-central potential matrix elements on the LSJ-basis in Eqs. (|3.4|) and (|3.5|) 
1. Central P x = 1: 



{q f ,L>J>M>\F{c l} ,c li )\q i -LJM) = £ / |£ 

x ( g/ ;L'J'M'|q'/,s/) (q',, s/li^q';, S;) (q',, s^ft, LJM) . (Al) 
We now use the matrix elements 

oo / 

{c{ f , Sf \F Mi,Si) = F(q' / ,q / i )<y. / ,. t =47rX; $ £ ^(q'^q',)* , 

Z=0 n=-l 



ti,s\q,LJM) = (2^) 3 ^— ^yj£(q', s ). 



2 ^Jh\~L J "V • (A2) 

Then, substituting Eq. (|A2|) into Eq. IjAlf) and performing the momentum and angular integrals and summations, 
we find 

(qf,L'j'M'\F(q f ,( ll )\q l ;LJM) = 4nrF L {q f , q>) 6 L > ,L&J> ,j 8 M > ,M ■ (A3) 
2. Non- central P'^ = {a ■ q/)(<r • q,): 



( qr ,L'J'M'\G(c Lf , qi )\q i ;LJM)=Y: / ^3 / ^ 



X (frL'J'M'tff^f) (q'/.a/IGoplq'i,**) (q' i)Si | gi) LJM) , (A4) 
where analogously to Eq. (|A2|) , 



(q( f ,8 f \G op \q[ i ,8 i )=4* y £ l G ltff>fi E ^(q'/^q'i)* • E (*/K ff ( S I( CT " 4i)l s i) ■ (A5) 

Using Eq. (|A2() and substituting Eq. (|A5() into Eq. I|A4I) . and performing the momentum integrals, we find 

l 

{ qf ;L'j'M'\G op \ qi ;LJM) = 4tt ^ ^ G, (?/,*) E 

8f,8i,S I n — — l 

x | yj/;,( q/ , S/ )*( S/ | (tr • q/) |s) Fi(q/) 

x /" ^(qs)*(«| (<r • q 4 ) \ Si ) yf L {ki,Si) . (A6) 

In the two-dimensional L = J =p i-space, the (er ■ q)-operator has the matrix elements, see Appendix IA 21 

5>| (a • q) \s') yj£(q, S ') = E^i'^ s ) ^'^ where a £Vt = ( ^ ^ ) . (A7) 



The angular integrals in Eq. i|A6() can now be performed easily. Then, the result for the non-central amplitude is 

{q f ;L'j'M'\G\ qi ;LJM) = 4tt^ a L > ,l>>G l » (?/ ,®) aL»,L6j>,j6 M >,M • (A8) 
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2. LSJ representation operator 



In this appendix we derive Eq. I|A7|I . The spherical wave functions in momentum space with quantum numbers J, 
L, S, are for spin-0 spin-1/2 given by [3^ 



(A9) 



where x is the baryon spin wave function. Using the definition for yj L , Eq. (|A9|1 . we have 

^( S 'K<T.p)| S )^i(p, S ) = (-r Pm ( S v_ m | S ) < i J M Y^) X ^\s) 

s 

= {-) m vm {s'W- m \s) ^y^(p), 



(A10) 



where we used the convention of summation over repeated indices, and quantization along the z-axis, which defines 
the spin variables s,s'. Now, we use the expressions 



Pm *£,(P) 



/ 4-7T 

y y^(p) y^,(p) 



/47T 

~3 

y/3 C 



3(2L+ 1) 
47r(2L' + 1) 



1/2 



,~fL 1 L' ^iL 1 L' y^Vnl 
°0 °m, m m[ 1 m; 1 >Pi > 



i 



s —m s' ' 

-1 10 
m -m ' 



-V3C, 1 1 



(s |cr_ ro |s) 

(-r 

From the definition of the 9j-cocfficient 01 j these formulas give for Eq. ilAlOf) the result 

(2L +1) 1 1/2 L Xi Jf I ' 

for/ i 11 °0 1 1 U 



5>'|(<r.p)| s );yj£(p, s ) = -3^ 



(All) 



(A12) 



Evaluating Eq. i|A12|) . one finds for the matrix a in Eq. i|A7() . 



-1 
-1 



Appendix B: RELATIVISTIC INVARIANT 
AMPLITUDES 



In this appendix the contributions from the various 
Feynman diagrams to the rclativistic invariant ampli- 
tudes Afi(s,t, u) and Bfi(s,t,u), defined in Eq. 12. 51) . 
are given. The results are valid for elastic as well as in- 
elastic reactions. For details of the derivation we refer to 

El. 



1. Momentum space baryon-exchange diagrams 



(i) J p = i + baryon-exchange 



(i) pseudoscalar coupling: 



B„ 



514323 



u - M% 



(ii) pseudovcctor coupling: 



A 



/l4/23/m 2 .+ 

u - Ml + ie 



B 

Mf + Mj 



M f Mi 



Mf+Mi 



Mj + Mf 



Mi 



-Mr 



B 



pV 



■ fl4f li m }- \u+{M f + Mi )M B 
u — M B + ie 



+MjMi] . 

(ii) j p = ; 



pole diagram 



(Bl) 



(B2) 



^4 n 



514523 



u — M 



B 



Mf + Mi 



M B 



Using crossing symmetry |42j . we can cross the results 
of the u-channel baryon-exchange into the s-channel 
and obtain the invariant amplitudes Aji(s,t 1 u) and 
Bfi(s,t,u) for the pole diagram. We have to replace 
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-q' and q' — > —q, which means that we have to (i) scalar coupling: 



q 

make the substitutions 



u <-> s, m f <-> m. 



f 



? and add a 



minus sign to the amplitude B because of Eq. Ij2.5|) . 
The J p = I pole amplitudes are 



-4, 



*(s) *(s) 
gig 934 

s- M B +it 



Mf + Mi 



(i) pseudoscalar coupling: 

512534 



Aps ~ s-M% 

R _ ,9l2ff34 

_ s-M| + 



Mb 



(B3) 



(ii) pseudovector coupling: 



A 



/12/34/m^ 



■/.j-r 



s - M| + ie 
M/ + Mi 



M f + Mi 
I — ~r + M B 



/12/34/m^ 



s - M| + ie 



A/2 + 

MfM % 1— — -M B 



+ (M f + Mi) M E 



+M f Mi] 



(iii) J p = h baryon-exchange 



(B4) 



(i) scalar coupling: 



B. 



*(s) *(s) 
gl4 923 

u - M B + it 

*(s) *(s) 
9u 923 

u - Mf, + it 



M f + Mi 



M f 



(B5) 



(ii) vector coupling: 



A„ = - 



fil V23 l m l+ 
u - M% + it 



Mf + Mi 



M, 



Ml + Mf 



-M B 



B„ = - 



r*(v) f *(v) 1 2 
J 14 J 23 I ' n -K+ 

u - M§ + it 



u - (M f + M^ M E 



+M f Mi] 



(B6) 



(iii) J = i pole diagram 



Applying crossing symmetry again we find, similar to the 
J p = i + baryon pole diagram, the invariant amplitudes 
for the J p = 4 baryon pole diagram. 



B s = 



*(s) *(s) 
gig 934 

s - Ml + it 



(B7) 



(ii) vector coupling: 



A v — 



r*(v) r*(v) I 2 

J 12 J 34 / m Tr+ 



B,, 



A Y > 



By. 



-M b 
L 

MfMi 

J 12 J 34 I " t TT+ r 

s - Mf + it [S 
+M f Mi] . 



B 

Mf + Mi 
2 

r*(v) f *(v) 



M f + Mi 
I M B 



Mj + Mf 



Mf 



(M f + Mi) M E 



(B8) 



(v) J = I baryon-exchange 



fkfh/ m n+ 

u - My„ + ii 
Mf + Mi 



t — rrif — mf 



My 



1 



6M V , 



[M| - m? - u] [M? - 



M f + Mj My. 
x — h 



2 3 

Mf + Mi 



Mj + Mf 



Mj + Mf\ (Mf + Mi) 



+ 



(m?-mf) (Mf-Mi) 



6My. 



(M 



m? - u) I ^ (Mi - M/) - m 



(M?-m^-«) (^(M-M^+mf) 



/l*4/l 3 /^^+ 
u - My. + it 



t-m) 



6M y , 

My. 



[u - M) + mf] [u - Mf + mj] 



(M f + Mi) 



ij + mf - (Mf + Mif 



17 



[Mf (M, 



2 2 \ 

rrit — u) 



6M Y * L "' J f 
+Mi (M] - mf - u)] 



(B9) 



(vi) J 



P _ 3" 



pole diagram 



Applying crossing symmetry again wc find, similar to the 
J p — i + baryon pole diagram, the invariant amplitudes 
for the J p = | + baryon pole diagram 

/l2/34/ m ^+ 



Ay, = 



s - M Y » + ie 
" Mf + Mi 



t — m 2 j — mf 



Mv* 



1 



6My, 



[Mj-mj-s] [M, 



2 2 1 

m„ — s 



Mf + Mi M Y * 



Mj + Mf 



Mf + Mi (M] + M?){M f + Mi) 



2 

(m}~mt) (Mf-Mi) 



6My. 



Mi 



(Mj - m *-a)[--f (Mi -M f )-m\ 



(Mf 



Ml(Mi-M f )+m 2 f 



By. = - 



Ml 



it 



t — mi — mf 



6M Y 

My 



[s - Mj + mj] [s - Mf + mf] 



(M f + Mi) 



^ 2 +m|- (Mf+Mi) 2 



+Mi (Mf -m)-s)] 



(BIO) 



(ii) J p = 1 vector-meson-exchange 



A, 



gppv 



t — my + ie 



9V 



(Mi - Mf) 



2M 



B v = -2 



gppv 



t — mi, + ie 



M f + Mi 



.(B12) 



(iii) J p = 2 ++ tensor-meson-exchange 



A-, 



gpp T /m^+ 
A 2 — m% + ie 



F? 



(m 2 -m 2 ) (s-u)[(Mi-Mf) F t 



(Mf-Mj) F 2 ] + ^(m}-m 2 yx 



{Mf - Mf) 



(Mi - M f ) F x + — 



Mf - Mj 



Fo 



Q 2 + -rr( 

Ami K 



2 _2\^ 

mf-mi) 



-\( y (Mf + M l )F 1 + ^(p l +p) 2 F 2 
Mf - M 2 - / 

■-L-^L [(Mi-M f ) Fl 
1 ( M f - Mj) F 2 



Bp — 



gpPT/m^ 
A 2 



min + ie 



? 2 

m^ — m* 



(s - u) Fx 
Mf - Mj 



(B13) 



2. Momentum space meson-exchange diagrams 
(i) J p = 0++ scalar -meson-exchange 



3. Momentum space Pomeron-exchange 



A s = 
B s = 



gpps gs 

t — m% + ie 



(Bll) 



Ai 



gppp gp 



M 



Bp = . 



(B14) 
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Appendix C: X,Y,Z-COEFFICIENTS potentials, Eq. I|4.23|l . for each type of exchange in the 

s-, u- and i-channcl. Wc have introduced the notation 
Here we list the explicit expressions for the expansion ^fi = V ^ Mi) \Mf ^ Mf). 
coefficients X( a \ Y^ a \ and of the partial wave 



J 



(i) pseudoscalar coupling: 



1. Baryon-exchange 



(i) J p = i baryon-exchange 



X 
X 



(C) 
B 

(C) 
B 

(SO) 
B 



314323 NJ { 
-314323 ^/i 



Mb + f Z ~ Mf - Mi 



-M B + —tl l - + M f + M, 

2 

W f + W, 
-M B + s I + M/ + Mi 



(CI) 



(ii) pseudovector coupling: 



X 



(C) 



/14/23 



Art 



Ml + M, 2 
+ 7 „ M B 



Mf + Mi 



-M f 



Ef + Ej — ujf — u>i 



W f + Wi — Mf — Mi I ( Ef + Ei- wf - uj t 



P 2 f~P 2 \ + 1 



-p}-p 2 + (M f + Mi) M B 



M f + Mi 



MfMi 



(C) 



VMfMi 

/14/23 
m l+ 

-Mb) [ 



W f +Wi-M f - Mi 



2 Pm + N ft 



Ef + Ei —Wf — uJi 



n \ Mf + Mi 

Pf~P 2 - o MfMi 



M) + Mf 



M f 



X 



Z^ 

(SO) 



B 



W f + Wi + Mf + M, f E f +E z -cuf - tot 



-P 2 f -P 2 + (M f + Mi) M B + MfMi 



(C) _ 



/14/: 



n; 



Mf + Mi , W f + Wi + Mf + Mi 
— « Mb H — 



/14/2 



N 



fi 



Mf + Mf 



Me 



ZPfPi , 



Mf + Mi 



-M F 



Ef + Ei -Uf-Wi 



Wf + W t + M } + Mi I (Ef +Ei-u f -u 



2 2 \ Mf + M, 
P f -Pi] —~ MfMi 



P 2 f -Pi + (Mf + Mi) M B 



Y, 



(SO) 



+M f Mi 
I '14/23 



— N Ji 



Mf + M, W f + W l + Mf + M i 
— — Mb H — 



2p f pi 



(C2) 



(ii) J p = ^ + pole term 
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(i) pscudoscalar coupling: 



X ( b } = -912334 N+ 



Y^ C) = 312534 N~ 

X ( B SO) = -.912334 Nf t 



M B 
Mb + 
M B 



Wf + Wj 



2 

Wf + Wi 



2 

W f + Wi 



(C3) 



(ii) pseudovector coupling: 
r {c) _ J '12/34 ^+ 



X 



(SO) 



m 



7T+ 



fi 



Mf + Mi 



Mb 



Mf+Mi 



MfMi 



W f +Wi- M f - Mi 



s + (M f + 



Mi) M B + M f Mi 



Mf + M, 2 



(c) _ /12/: 



34 



— N 7i 



-M F 



Mf + Mi , T \ Mf + Mi Wf + Wi-Mt - Mi , 

o - M s - f _ MfMi + - 1 1 t s + (Mf- 



Mi) M B + MfM,} 



Mf + M? 



-M F 



A 2/34 „_ 



Mf + Mi 



-M B «- 



Mj + Mj 



MfMi 



W f + W q - M f - M, 



Ml + M? 
M) M B + MfMi) f —z — -M B 



(M f - 



(C4) 



(i) scalar coupling: 



(iii) J p = h baryon-exchange 



v(C) _ *(*)*(*) AT+ 

A B — 9u 923 ly fi 



\r(C) *(s) *(s) » r — 

= 9u 523 ^/i 



^(SO) _ *« *« AT 

B - ~fl4 523 iV /i 



-M B + 7 I - My - M 
2 

Wf + W, 
M B + \ % + Mf + Mi 
2 

W f + W> 
M B + \ 1 + Mf + Mi 



(C5) 



(ii) vector coupling: 

,(C) _ 



JJA i23 N + 
^2 iV /* 



My +Mj 



Mf 



E f + Ei -Wf-Wi} 2 A Mf + Mj 

-Pf-Pi H 5 MyTWj 



M f + A ^ , , Wy + Wi - My -Mi ( {Ef+Ei-Wf- LOi 

^ Mb 7, 



+M f Mi 



■P 2 f -p1- {Mf + Mi) M B 



B 



J14 J23 



Mf + Mi 



Mf 



W f + W l ~ Mf - Mi 



2p fPi + N fi 



Mf + Mi 



+M B ) 



I ( Ef + Ei - ujf - uj t 



2 2 
Pf-Pi 



Mf + Mi 



Mf + M 2 



MyM, 



-M F 
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X 



(SO) 
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(i) scalar coupling: 
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(ii) vector coupling: 
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(v) J p = § + baryon-exchange 
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Where An, A\, A2, So, B\ and B2 depend on the mass and momentum of the particles as follows 
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Where Aq, A\, Bq and B\ depend on the mass and momentum of the particles as follows 
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2. Meson-exchange 
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(ii) J p = 1 vector-meson-exchange 
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3. Pomeron-exchange 
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